A method for determining molecular weights of macromolecules by measuring spontaneous concentration fluctuations is described. The method is absolute, rapid, and requires no shearing forces on the molecules. We have applied this technique to the determination of molecular weight of DNA molecules. The molecular weight values obtained for T2 phage DNA (1.14 X 108) and replicating Escherichia coli DNA (3.9 X 109) agree with previous results. By monitoring individual molecules, an estimate of the molecular weight of nuclei and individual chromosomal DNA molecules of Drosophila melanogaster was obtained.
There are many classical methods for measuring molecular weights (Mw) of macromolecules. DNA, because of its unusually large Mw and root-mean-square radius, poses special problems. Consequently, some of the standard methods (e.g., light scattering, sedimentation) become impractical. Several techniques that have been used for DNA (e.g., viscoelasticity, autoradiography, electron microscopy) have been critically reviewed by Freifelder (1) and Roberts et al. (2) . Their work shows that there remains a need for a precise, simple, preferably absolute technique to measure the Mw of large DNA. In the present work, we discuss a method that endeavors to meet these criteria and demonstrate its application to the Mw determination of DNA from T2 phage and Escherichia coli.
In this method, one measures the spontaneous, inherent, thermodynamic concentration fluctuations of solute molecules in a given volume. These fluctuations are related in a simple way to the number of molecules, n, per unit volume. By measuring independently the concentration (weight per unit volume) of solute molecules, C, the Mw is obtained. from the relation Mw = C/n. The method was suggested in an earlier work on fluctuation spectroscopy (3) , and its feasibility has been demonstrated in a preliminary report (4) . BASIC 
PRINCIPLES
In an ideal gas or solution, the number of molecules, N, in independent equal volumes fluctuates randomly around the equilibrium value N. The magnitude of the fluctuations, AN, is given by (5) (6N) (2 ) [11 where the bars indicate time or ensemble averages and where C is the (wt/vol) concentration of the molecules. The fewer the number of molecules, the larger the fractional fluctuations. Therefore, for a given concentration C-, the size of the fluctuations increases with molecular weight. By measuring these fluctuations (via any parameter that is sensitive to concentration), one can determine from Eq. 1 the number of molecules N in a given volume V within which the fluctuations are measured. By knowing the average concentration C, the molecular weight is given by MW= = C ) TA [2] where A is Avogadro's number. One may easily verify, in analogy with classical light scattering theory, that for polydisperse solutions, this formula gives a weight-average M,.
A simple "thought experiment" illustrates the method: if 1 liter of DNA, having a concentration of C = 10-6 g/ml is pipetted into one thousand 1-ml cuvettes, C (as measured, for example, by the optical absorbance A2W) will vary slightly from sample to sample. If the standard deviation (i.e., fluctuations) of absorbance SA260/A260 = 10-3, then (bC/e)2 = 10-6. This corresponds to 106 molecules per ml (Eq. 1) and to a Mw of 6 X 1011 (Eq. 2).
TECHNIQUE APPLIED TO DNA In order to utilize the ideas of the preceding section, one needs to find a convenient parameter to monitor concentration, a method for obtaining statistically independent volumes, and a technique for electronically processing the fluctuations in a manner that minimizes the effect of unwanted, spurious fluctuations (noise sources).
Monitoring the Concentration. We use the fluorescence of the dye, ethidium bromide (EtBr), to monitor DNA concentrations (6, 7, t [5]
At C = Co, the expression (Co + C)2 of Eq. 5 goes through a broad minimum as a function of C. Thus, once Co is determined, inaccuracies in the measurement of C do not affect significantly the Mw determination (e.g., from C/Co = 2/3 to 3/2, the measured Mw changes only by -4%). Working with C ; Co has also the related advantage of maximizing (b5V/V)2. The condition C = Co (i.e., IB = IF) is easily determined experimentally by monitoring the fluorescence To of the solution with the dye alone and the total fluorescence IT after adding the DNA. It is easily shown that for rB =F IT= 210(l +1/R) l [6] Sampling Independent Volumes. A beam of light, together with an optical system, defines a subvolume v of a cylindrical cell (see Fig. 1 ). As the cell rotates, different, equal and statistically independent volumes are exposed to the light beam and monitored. Other methods, utilizing, for example, the flow of solutions through a stationary cuvette, are also, in principle, usable. Their disadvantage, however, is that they may break or aggregate shear-sensitive molecules. The rotating cell technique avoids this problem, allows one to choose a convenient time scale for the fluctuations and in addition provides a way of separating the desired fluctuations (noise) from other noise sources, as described below.
Measuring the Concentration Fluctuations via the Autocorrelation Function. In order to obtain the Mw, one can, in principle, simply measure the mean square component of the time-varying component We (with a root-mean-square voltmeter) and the dc voltage V2 (see Eq. 5). Unfortunately, there may be other unwanted noise sources present that can contribute to F. These can be eliminated to a large extent by using the autocorrelation function, G(r), defined by (5) G(T) = 5V(t) 6V(t + T). [7] For r = 0, G(0) = W7, which still includes the noise from all 
MATERIALS AND METHODS
The Cell. The rotating cell (Fig. 1) (12) and 0.0198 ,ug-' cm2 for nonglucosylated DNA (13) . Polystyrene spheres (quoted diameter = 1.011 ,Im, density = 1.05 g cm-3, number = 1.76 X 10ll cm-3) were obtained from Dow Chemical (Midland, Mich.); nuclease-free Pronase from Calbiochem; EtBr from Sigma Chemical, it was assayed spectrophotometrically using fM = 5.6 X 103 M-1 cm-1 at 480 nm (14) . Water was double quartz distilled, filtered through a 0. 22 Am Millipore filter.
EXPERIMENTAL RESULTS
Calibration of 'V with polystyrene spheres Several of the experimental parameters that define the effective volume V (Eqs. 2 and 8) (e.g., the intensity profile of the laser beam, diffraction of the aperture, etc.) are difficult to determine with high accuracy. Consequently, V was determined empirically by measuring the fluctuation in the scattered light intensity from a known concentration of polystyrene spheres, n, and using the relation 1/'Y = nG(T)/V2. By evaporating the solvent from a known volume and measuring the residual dry weight n was determined. A value of 10.0 + 0.1% (wt/vol) corresponding to (1.76 ± 0.02) X 101I spheres per ml was obtained, in perfect agreement with the quoted value (L. B. Bangs, Dow Chemical Co., personal communication). The solution was diluted to give a concentration of 1.00 ppm (wt/vol) in polystyrene spheres and poured into the cylindrical cell. The correlation functions G(T), G(2T), G(3T) were found to be of equal intensities (see Fig. 2 ) indicating the absence of any significant convection currents within the cell. After making a small (4.5%) correction in V for scattered background light, the value of G(T)/V2 was found to be (3.75 + 0.10) X 10-2. This corresponds to V = (1.51 + 0.05) X 10-5 cm3. § DNA from T2 phage To the standard buffer, 1 ,M of EtBr was added and the fluorescence Io of the solution measured. The stock solution of T2 phage DNA was diluted until the fluorescence IT was 1.9 lo. This corresponds to the condition at which C = Co (see Eq. 6). The concentration of DNA measured spectrophotometrically agreed with Co, calculated from the known values of the binding constant k and enhancement factor R (6). The autocorrelation function G(T) of a typical experiment is shown in Fig. 3 [9] where the main error is due to the uncertainty in V (+3%) and Co (+3%). The error in the value of e for DNA (12) has not been quoted and has, therefore, not been included. The above value § Errors are quoted as standard deviations of the mean. 
